History Matching Using 4D Seismic by Kelleher, Liam & Kelleher, Liam
 
 
 
 
 
IMPERIAL COLLEGE LONDON 
 
 
 
 
 
 
 
Department of Earth Science and Engineering 
 
 
Centre for Petroleum Studies 
 
 
 
 
 
 
 
History Matching Using 4D Seismic 
 
By 
 
Liam Kelleher 
 
 
 
 
 
 
A report submitted in partial fulfilment of the requirements for the MSc 
and/or the DIC in Petroleum Engineering. 
 
 
 
September 2014 
II  History Matching Using 4D Seismic 
Declaration of Own Work 
 
 
 
I declare that this thesis  
 
”History Matching Using 4D Seismic”  
 
is entirely my own work and that where any material could be construed as the work of others, it is fully 
cited and referenced, and/or with appropriate acknowledgement given. 
 
 
 
Signature: ………………………………………………………….. 
 
 
 
Name of Student: Liam Kelleher 
 
 
 
Names of Supervisors:  
 
Imperial College London Supervisor 
Dr. Sam Krevor 
 
Industry Supervisor 
Kirsten Gustafson (ConocoPhillips) 
 
  
History Matching Using 4D Seismic   III 
Abstract 
History matching using time-lapse seismic is an established tool in the role of reservoir management. Many years of 
production data are required for adequate history matching and even then the process is non-unique. Time lapse seismic, 
known as 4D seismic, offers additional information about the reservoir that can be used to update the static and dynamic 
parameters of a simulation model. Traditionally 4D seismic has been analysed in a qualitative or visual manner with 
consideration given to large scale changes in saturation or pressure. However a qualitative effort does not directly translate to 
improved reservoir modelling. 
 
The quantitative use of 4D seismic analysis can be used to reduce uncertainty by incorporating rock physics modelling into the 
history matching process. The coupling of the petro-elastic model and the history matching process can be used to update the 
simulation model with an iterative gradient-based approach. However such a coupled quantitative analysis of 4D seismic 
remains a non-trivial and time consuming task This study aimed to look at a simpler and a more time-effective approach using 
a manual quantitative interpretation of 4D seismic data. 
 
A mature oil field in the North Sea was used as a test case in the application of this manual quantitative approach. The field is 
a highly porous and permeable Paleocene sandstone and, as a result, is highly suited to the use of 4D seismic. A sector model 
was built to focus on an isolated well which has considerable uncertainty in the parameters used for history matching. This 
study also looked at the value of using 4D seismic in relatively homogenous and mature oil fields with a view to further 
reservoir development considerations. The variation in the Expected Ultimate Recovery (EUR) of an additional well was used 
as the basis for the comparison of the knowledge value between history matching using production data and using 4D seismic. 
 
This study concludes that history matching using 4D seismic does reduce the range of oil in place by forcing the reservoir 
model to a narrow distribution of saturations in specific locations. The narrowing of the range of oil in place also improved the 
forecasting quality of the original structure. However, when the structure was varied to improve the history match using 
production data, the forecasting quality worsened when using 4D seismic data. This study therefore also concludes the 
importance of a definitive structural interpretation when using 4D seismic. Although benefits in forecasting and addressing 
structural uncertainty were demonstrated in this study, this study concludes that for relatively homogenous reservoirs with 
considerable production data, 4D seismic does not alter the results of the forecasting sufficiently to effect reservoir 
management decisions. 
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Abstract  
 
History matching using time lapse seismic is a well-established tool in the role of reservoir management. Many years of 
production data are required for adequate history matching and even then the process is non-unique. Time lapse seismic, 
known as 4D seismic, offers additional information about the reservoir that can be used to update the static and dynamic 
parameters of a simulation model. Traditionally 4D seismic has been analysed in a qualitative or visual manner with 
consideration given to large scale changes in saturation or pressure. However a qualitative effort does not directly translate to 
improved reservoir modelling. 
 
The quantitative use of 4D seismic analysis can be used to reduce the uncertainty by incorporating rock physics modelling into 
the history matching process. The coupling of the petro-elastic model and the history matching process can be used to update 
the simulation model with an iterative gradient-based approach. However such a coupled quantitative analysis of 4D seismic 
remains a non-trivial and time consuming task. This study aimed to look at a simpler and a more time-effective approach using 
a manual quantitative interpretation of 4D seismic data. 
 
A mature oil field in the North Sea was used as a test case in the application of this manual quantitative approach. The field is 
a highly porous and permeable Paleocene sandstone and, as a result, is highly suited to the use of 4D Seismic. A sector model 
was built to focus on an isolated well which has considerable uncertainty in the parameters used for history matching. This 
study also looked at the value of using 4D seismic in relatively homogenous and mature oil fields with a view to further 
reservoir development considerations. The variation in the Expected Ultimate Recovery (EUR) of an additional well was used 
as the basis for the comparison of the knowledge value between history matching using production data and using 4D seismic. 
 
This study concludes that history matching using 4D seismic does reduce the range of oil in place by forcing the reservoir 
model to a narrow distribution of saturations in specific locations. The narrowing of the range of oil in place also improved the 
forecasting quality of the original structure. However, when the structure was varied to improve the history match using 
production data, the forecasting quality worsened when using 4D seismic data. This study therefore also concludes the 
importance of a definitive structural interpretation when using 4D seismic. Although benefits in forecasting and addressing 
structural uncertainty were demonstrated in this project, the study concludes that for relatively homogenous reservoirs with 
considerable production data, 4D seismic does not alter the results of the forecasting sufficiently to effect reservoir 
management decisions. 
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Introduction 
 
Many years of production data are required for adequate history matching and even then the process is non-unique (Souza et 
al, 2011). An alternative option used to improve the reservoir model is the use of saturation and pressure maps obtained from 
time-lapse seismic. A 3D seismic survey represents a single snapshot in time of the reservoir where the static geologic and 
dynamic fluid seismic response data are difficult to separate. However using time-lapse seismic, known as 4D seismic, the 
independent seismic contributions are allowed to cancel giving a direct image of the time varying changes in pressure or 
saturation (Rwechungura et al, 2011). In particular, dimming effects are seen with the influx of water or decrease in pressure 
and brightening effects are seen with gas coming out of solution (Sagitov, 2012) or increases in pressure (Kawar et al, 2003).  
 
Time-lapse seismic analysis has progressed from being a useful tool to being an integral part of reservoir management in 
recent years. One of the landmark projects to use 4D seismic in reservoir management was the Gullfaks Field project in the 
North Sea.  Since then 4D seismic has been employed on a number fields in the North Sea and worldwide. However 4D 
seismic remains only 3% of all 3D seismic acquisition with 80% of 4D surveys performed in the North Sea with qualitative 
methods of interpretation still being used in many cases (Amundsen and Landrø, 2007). The simplest and quickest method to 
analyse time-lapse seismic is by performing a qualitative analysis of the 4D seismic.  
 
The qualitative process is described as drawing a direct conclusion of the change in reservoir pressure and saturation from 4D 
images (Sagitov, 2012) while quantitative methods are described as using synthetic seismic for the comparison of the 
simulation results and the 4D data (O’ Donovan et al, 2000). Quantitative analysis may be broken down further into a semi-
quantitative (or manual quantitative) and fully quantitative methodology. The manual quantitative process involves a 
comparison of the synthetic seismic with the 4D data and resultant analysis of the simulation results with manual updates 
being made to the reservoir model (O’ Donovan et al, 2000). The fully integrated quantitative approach involves the coupling 
of the petro-elastic model (or rock physics model) with the reservoir simulation model with an iterative gradient based 
approach used to update the simulation model to match the petro-elastic model (Gosselin et al, 2003). Such a quantitative 
approach was demonstrated to improve reservoir characterization (Mezghani, 2004, Stephen and Macbeth 2006) and increases 
the value of information of 4D seismic.  
 
The use of 4D seismic is able to capture many different reservoir effects. Tolstukhin et al (2012) showed for the Ekofisk field 
in the North Sea that the carbonate reservoir was much more uniformly fractured leading to a more uniform wave front from 
the waterflood. 4D seismic is being used extensively in oil sands to track the movement of fluids in the Steam Assisted Gravity 
Drainage (SAGD) process (Byerley et al 2009).  Dadashpour et al (2007) showed that permeability and porosity may also be 
quantified from the use of 4D seismic data.  
 
Despite the benefits, quantitative analysis of 4D seismic remains a non-trivial task that requires a very large quantity of 
simulations runs and is therefore time intensive. The implementation of quantitative seismic analysis is still an area of active 
research (Sagitov, 2012).  
 
Therefore this study aimed to look at a simpler and more time effective methodology of performing 4D seismic analysis by 
using a manual quantitative methodology. This methodology incorporates the qualitative comparison of areal saturation maps, 
quantitative comparison of actual seismic and synthetic seismic, and forcing the reservoir model to the desired quantitative 
saturations.  A sector model was created to apply this methodology to Well E1 in the MacCulloch field (Figure 1 (b)), which is 
located in the North Sea (Figure 1 (a)). This study was performed on the sector model to evaluate the methodology and use of 
4D seismic on a small scale, with a view to applying field wide in the future. The MacCulloch field has two 3D surveys - the 
baseline survey in 1993 prior to first production in 1997 and the monitor survey in 2002. This study aimed to assess the 
knowledge value gained by the 4D seismic in terms of history matching, forecasting and the potential for contributing to 
reservoir management decisions.  
 
This knowledge value was evaluated by comparing the results of history matching using production data and history matching 
using 4D seismic and to establish if this process reduced the uncertainty in history matching and increased reservoir 
understanding. The value of the 4D seismic was further evaluated by comparing the quality of the forecasts between the two 
history matches from the monitor survey in 2002 to current production. In addition, the knowledge value was investigated by 
inserting an additional well in the reservoir model and comparing the forecasts of the history matching using production data 
and history matching using 4D data. By evaluating the use of 4D seismic from past to present and into the future, this study 
aimed to establish the effectiveness of the implemented manual quantitative methodology, the effects on reservoir 
management and potential for implementing the methodology in a wider context, particularly in the case of a relatively 
homogenous reservoir. 
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(a) (b) 
Figure 1: (a) Location of the MacCulloch field and (b) location of the E1 well in the MacCulloch field 
 
Literature Review 
History matching has been an established tool in reservoir management since the first analysis of history matching was 
performed by Kruger (1961). Jacquard and Jain (1965) enhanced the history matching process by establishing a methodology 
for calculating the permeability distribution in the reservoir from pressure data. The advance in computing power and the use 
of gradient based optimisation methods allowed the development of commercial reservoir simulations in the late 1980’s 
(Watts, 1997). He and Chamber (1999) developed a methodology using an object function for an iterative stochastic modelling 
approach with an integrated static model and simulation results. Gosselin et al (2003) then used an object function and 
gradient based methodology for the History Matching Using Time Lapse Seismic (HUTS) study. This two year study 
presented an influential methodology for a quantitative analysis of 4D seismic with the integration of the Petro-Elastic Model 
(PEM) and the reservoir simulation model. 
 
Traditionally history matching using time lapse seismic has been performed using qualitative analysis only.  O’ Donovan et al, 
(2000) defined the qualitative workflow as merely visual inspection of the seismic difference while the use of synthetic 
seismic was deemed a quantitative approach. Although qualitative analysis can be used for observing large scale dynamic 
changes in reservoir conditions, there remains uncertainty in differentiating between changes in the seismic due to pressure 
and changes due to saturation. Therefore quantitative methods were developed to determine the individual contributions of 
pressure and saturations and to quantify their individual contribution. 
 
The foundations of the quantitative approach were built by Lumley and Behrens (1997) where they described a workflow loop 
in which rock physics modelling was incorporated into the history matching process. Tura and Lumley (2000) demonstrated 
that it was possible to estimate changes in pressure and saturations using acoustic impedances and inverting the P-wave and S-
wave impedances could decouple the changes due to pressure and saturation. Landrø (1999) developed the equations used to 
distinguish between changes due to pressure or to saturation. These equations built upon the Gassman equation and the Hertz 
Mindlin equation which are used for estimating the seismic parameter changes for changes to saturation and pressure 
respectively (Dadashpour et al, 2007). 
 
The application of a quantitative workflow resulted in the influential paper by Gosselin et al (2003). The quantitative method 
methodology developed by Gosselin et al (2003) was shown to be successful in improving reservoir characterisation and 
decreasing the range of uncertainty using commercial software (Portella, 2005, Villegas, 2009) while Skorstad et al (2006) 
used the methodology to identify the need to revisit stochastic modelling of shales in a reservoir model. The technical benefits 
were further demonstrated by Mezghani (2004) and Stephen and Macbeth (2006) who showed that HUTS provided a better 
match than history matching using production data. With improved reservoir characterisation comes improved economic 
benefits as Waggoner (2002) described the economic benefits of using 4D seismic on a field, developing a probability model 
based on Bayes theorem and using case studies from the Draugen and Gannet fields in the North Sea concluding that the costs 
of drilling without 4D seismic are greater than the cost to obtain the data. 
 
Although the benefits and results of a quantitative methodology are well described, it is a non-trivial, time consuming and 
expensive process while more simplistic methods, such as qualitative analysis can sometimes produce sufficient results 
(Sagitov, 2012). Furthermore, an extensive quantitative methodology is not required for relatively homogenous reservoirs 
whereby good quality production data can produce a similar quality history match. Therefore this study looks at applying a 
simpler methodology to a case where there are only changes in saturation and therefore establishing the benefits of 4D seismic 
in a relatively homogenous reservoir. 
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Main Body 
Reservoir Characterisation 
The MacCulloch field is located in the Central North Sea (CNS) and is operated by ConocoPhillips UK Ltd. The key reservoir 
parameters are presented in Table 1, with additional parameters presented in Appendix B. The MacCulloch field is an oil field 
with strong aquifer support which maintains the pressure near initial reservoir pressure (Pi), which is above the bubble point 
pressure (Pb). Seismic response depends on the density and variability of the geology, with lower densities providing a 
superior response. The MacCulloch field is a highly porous (Avg 28%) and highly permeable (Avg 400 mD) soft Paleocene 
sandstone with a high Net:Gross (0.4 to 0.1) and therefore, with low density and variability, provides a very good seismic 
response. The absence of secondary recovery measures and minimal pressure change result in the 4D seismic giving a direct 
image of the saturation change which simplifies the interpretation process. The agreeable geologic parameters coupled with 
constant pressure make the MacCulloch field highly suited to the use of 4D and a simpler manual quantitative approach. 
 
The base 3D seismic survey was shot in the 1993 with first production from the field in August 1997. The field was developed 
in three phases with five wells drilled in the first phase and an additional six wells added in the succeeding phases. Five wells 
are currently producing. With initial reserve estimates of 60 MMstb, these estimates were later revised to over 120 MMstb 
during production (Scorer et al, 2004) and plans for further drilling were complimented with a monitor 3D survey in 2002. The 
measure of non-repeatability of the seismic wave response is often quoted as Normalized Root Mean Square (NRMS) which 
varies between 0 and 200% (Ronen et al, 1999). The repeatability for the MacCulloch field is considered to be very good at 
less than 50% NRMS (Scorer et al, 2004).  The 2002 4D seismic analysis identified 16 separate sand bodies and a large shale 
barrier in the western section of the field. Previous reservoir models had relied on using unrealistic pore volume multipliers but 
the incorporation of the sand bodies and shale barrier resulted in a much better match of the water cut for the field and also a 
more realistic geological model (Scorer et al, 2004). However there remained significant uncertainty for the E1 well in the in 
the eastern section of the field, where the history match was obtained using unrealistic static and dynamic parameters. 
Therefore this study revisited the eastern section of the field and aimed to increase reservoir understanding by using existing 
4D seismic with the direction of the project presented in Figure 2. 
 
Table 1: MacCulloch Reservoir Properties  
Parameter Value 
SFM Required Inputs  
Initial Pore Pressure 2770 psia @ 6150 ft  TVDSS 
Reservoir Temp 175 °F (79 °C) 
Oil API  32 - 37 °API (Black Oil) 
GOR 387  scf / bbl 
STOIIP 241 MMstb 
Estimated Recovery Factor 50-55% 
First Oil 10-Aug-1997 
Drive Mechanism Strong Aquifer Drive  
Water Depth 490 ft 
Reservoir Geology Sandstone with interbedded shales 
Net to Gross Ratio 0.4 to 1.0 
Reservoir Permeability 200 – 2000mD 
Reservoir Porosity 25 – 30% 
Bubble Point Pressure 1700 – 2290 psia 
Formation Value Factor 1.244 rb / stb 
 
 
Figure 2: Project flow to determine value of 4D 
Seismic in reservoir modelling 
Area of Focus: E1 
Well E1 was selected as the focus of this study for a number of reasons. The well had previous difficulty in obtaining a history 
match for the water cut and over predicted water production. The well is also isolated from the effects of other producing wells 
in the eastern section of the field. In addition well E1 has been producing from first oil in 1997 and therefore the baseline 
survey for the field is also the baseline for well E1 and there is a large change in the oil saturation seen in the 4D seismic data 
in the proximity of well E1. 
 
Timeline 
This project aimed to evaluate the benefits of 4D seismic in reservoir modelling rather than evaluate the current reserves in the 
MacCulloch field. It is difficult to establish the benefits of 4D seismic from a monitor survey that is over a decade old and 
therefore this study considered the hypothetical case of just having received and processed the 4D seismic data in 2002. 
Therefore history matching of E1 was performed from 1997 to 2002 to establish how the model compares visually with the 
seismic in 2002.  Forecasting of E1 was performed from 2002 to 2013 to compare with the actual known production data in 
2013 to further validate the results. The forecasting of the additional well (E2 with E1) was performed from 2006 to 2020, 
which is four years after the monitory survey, a realistic timeframe to implement a drilling schedule based on results of the 4D 
seismic analysis.  Figure 3 presents a layout of the proposed timeline. 
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Figure 3: Timeline of events 
 
History Matching and Forecasting Well E1 
The horizontal well E1 has been producing since first oil in 1997 and remains one of the most prolific producers. However 
well E1 has proved difficult to history match as the model over predicts water cut and therefore a reduced oil production rate. 
The only other well drilled in the eastern section of the field is the 15/24b-6 appraisal well drilled in 1992 (See Appendix B). 
This study aimed to improve the reservoir understanding in the eastern section by revisiting the history match of the water cut. 
History matching was performed in three steps: 
 
1. Preliminary History Matching 
2. History matching of E1 using production data only from 1997 to 2002 
3. Manual quantitative history matching using 4D seismic data and production data from 1997 to 2002 
The aim of the performing history matching using production data only was to establish how the simulation model was 
predicting the drainage of the reservoir compared to the actual drainage seen in the 2002 4D Difference Maps (See Figure 4). 
The 4D Difference Maps represent an image of the top of reservoir and show remaining oil-in-place and also aquifer influx.  
 
The aim of performing history matching using 4D seismic data was to attempt to force the reservoir model to achieve the 
desired saturations at given locations and depths to match the 4D seismic data. Therefore it could be determined if the history-
matching process using 4D seismic resulted in a superior visual comparison with the saturation changes seen in the 4D 
seismic. 
 
Once the visual comparison of both history-matching processes was complete, and an understanding was created of how the 
simulation model was draining the reservoir, this study looked to evaluate how 4D seismic affects the quality of forecasting. 
This was achieved by forecasting well E1 from 2002 to 2013 and comparing the forecasts using production data, and 4D data, 
with the actual known production in 2013. 
 
(a)              (b) 
Figure 4: 4D Difference Volume Maps of the 4D Seismic Analysis (Scorer et al ,  2004) and location of the E1 well 
used in this study 
 
Forecasting of Well E2 and Well E3 
This study aimed to look at the effects of using 4D seismic in the forecasting of the Expected Ultimate Recovery (EUR) of 
hypothetical additional wells within the reservoir model and therefore the implications of using 4D in reservoir management. 
The two additional wells were placed in locations where remaining oil-in-place could be seen in the 4D seismic. To obtain true 
incremental results for both of these wells, the wells were forecast as: 
1. E1 and E2 forecast from 2006 to 2020 (E3 shut-in) 
2. E1 and E3 forecast from 2006 to 2020 (E2 shut-in)  
E1	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Methodology 
Preliminary History Matching 
The preliminary history-matching process was performed to reduce the uncertainty in the key parameters used in the history 
matching process prior to proceeding to the main scope of history matching and forecasting. A commercial assisted history 
matching tool (Tempest EnABLE) was used for the history matching process throughout this study. History matching focused 
on water cut (Figure 5 (b)) and bottom hole pressure (BHP) for the E1 well. The parameters presented in Table 2 were used in 
the assisted history matching tool.   
  
(a) (b) 
 Figure 5: (a) BHP history matching points and (b) Water cut history match and the selected matching 
points 
Table 2: History Matching Variables 
Parameter Value Unit Variable Min Max Likely 
Permeability (kx, ky) 200 - 2000 mD Multiplier 0.1 2 1.0 
Permeability (kz) 20 - 200 mD Multiplier 0.2 8 1.0 
Porosity 24 - 30 % Multiplier 0.7 1.3 1 
OWC 6240 ft Range 6230 6250 6240 
Initial Reservoir Pressure 2770 psia Range 2780 2790 2770 
Aquifer Permeability 100 - 1000 mD Range 100 1000 400 
Corey No -  Range 2 6 2 
 Nw -  Range 3 8 3 
Swc -  Range 0.06 0.15 0.08 
Sor -  Range 0.10 0.3 0.15 
 
The preliminary history matching process reduced the number of variables considerably from over 300 to 98, mainly by 
demonstrating that the eastern sector model is isolated from the main reservoir and therefore the effects of other wells (See 
Appendix C). The history matching process using practical static and dynamic parameters did not obtain a satisfactory match. 
Therefore a widened range of technically unrealistic pore volume multipliers were applied in the history-matching process 
which did obtain a satisfactory match (See Appendix C). This demonstrated that the model required extra volume. In addition 
to the required extra volume, the variation in the dynamic properties had a major impact on the match (See Figure 6). As the 
available Special Core Analysis (SCAL) data was unreliable, the history matching process was able to demonstrate the water 
wet to intermediate wet nature of the sandstone from the variation of the Corey parameters.  
 
  
(a) (b) 
Figure 6: (a) Tornado plot of the variables affecting the match of the E1 well and  (b) an example of the relative-
permeability curves generated from the history matching process 
 
 
 
 
 
 
 
 
 
now 
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nw 
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Poro_21 
k_112 
k_711 
History Matching Using 4D Seismic   7 
Additional sensitivities were performed during the preliminary history match, including the placement of shale barrier beneath 
the eastern section of the field which did not improve the history match. Further details of the shale sensitivity are presented in 
Appendix C. Although the application of larger pore volume multipliers did obtain a satisfactory history match, it was not 
desirable to implement these multipliers in the rest of the study. Therefore, in place of increasing the STOIIP by applying 
unrealistic pore-volume multipliers, the STOIIP was increased by expanding the structure. The structure was modified using 
Petrel. The structure was expanded by 50ft, which is the structural uncertainty resulting from the time-depth conversion 
(Scorer et al, 2004). Due to the geological uncertainty of the flanks and toe owing to the lack of well data, three different 
structures (Figure 7) were used in this history matching process: 
• Original model (based on best technical seismic interpretation) 
• Expansion of the toe region 
• Expansion of the western and the eastern flank 
Further details and increase in oil in place volumes are presented in Appendix D.  
 
(a)    (b)    (c) 
Figure 7: Location of expanded structure at the flanks showing (a) original, (b) toe and (c) east-west structures 
 
History Matching using Production Data Only 
The aim of history matching using production data only was to compare the movement of fluid within the simulation model 
against the 4D Difference Maps (Figure 4) and therefore evaluate the accuracy of the initial model. The process consisted of: 
1. History matching using production data for the three structures from 1997 to 2002 
2. Select best 30 matches from the history-matching process for each of the three structures (90 runs total) 
3. Create saturation maps in 2002 for the Min, P90, P50, P10 and Max cumulative oil results of the best 30 runs. 
4. “Forecast” the best 30 runs for each structure from 2002 to 2013. This allows a direct comparison with the actual 
cumulative oil produced 
5. Establish if the best visual matches in 2002 give a better forecast looking forward to 2013 
Saturation Mapping 
The aim of the saturation mapping process was to determine how the results of the history-matching process using production 
compared visually to the 4D Difference Maps. Therefore the movement of oil and water in the model could be discerned. To 
make the comparison, five oil-in-place (OIP) maps were created for the Min, P90, P50, P10 and Max cumulative oil recovery 
in 2002 for each structure resulting in 15 maps being created. To make the comparison between the OIP maps and the 4D 
Difference Maps, a ranking system was devised. For the ranking system, a series of matching points were used (Figure 8) to 
compare the images, and the maps were ranked according to the quality of the match (See Appendix E).  
 
Table 3: Ranking of the Original Structure for Production 
Data Only 
Value N E SW W Toe NW Score 
Min 3 2 3 3 2 3 16 / 30 
P10 3 4 3 3 3 3 19 / 30 
P50 3 4 3 4 4 3 21 / 30 
P90 2 4 3 5 4 4 23 / 30 
Max 2 4 3 4 4 3 20 / 30 
 (a) (b) 
Figure 8: Matching points used in the ranking system for a 
visual comparison of (a) the 4D difference volume map and 
(b) and example saturation map for the original structure 
2002 
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Forecasting using Production Data Only 
The best 30 runs obtained for each of the three structures in the history-matching using production data process were forecast 
from 2002 to 2013. The results of this forecasting process were then compared to the actual cumulative production in 2013. 
The best matches of the OIP ranking process were highlighted in the forecasting process to ascertain if the best visual matches 
resulted in the best forecasting of results.  
 
History Matching Using Manual-Quantitative 4D Seismic Analysis 
The aim of history-matching process using 4D seismic data was to force the model to achieve the saturations seen in the 4D 
seismic. The saturations used in the history matching were obtained by:  
 
1. Establishing the saturations seen in the 4D Difference Map (Figure 4) 
2. Establishing the depth of residual oil from the movement of the oil water contact (OWC) seen in synthethic seismic 
data 
The desired saturations were then used as history matching points. Following the history matching process, saturation 
mapping, as per the history matching using production data process, was performed. This established how the altered model 
compares visually with the 4D seismic in 2002 and if history matching using 4D seismic can change how the model is 
simulating the drainage of the reservoir.  
 
Saturations from 4D Seismic Maps: Areal Water Movement 
This step aimed to establish the saturations seen in model and compare them with the 4D Difference Map. Four key locations 
were chosen to establish the desired saturations. The locations were selected based on the desire to push the model to achieve 
high or low water saturations in line with the 2002 4D Difference Maps. The desired saturations at the given locations were 
used as history matching points in the assisted history matching tool. 
 
 
         
           
   
      
Oil 
 
Water 
 
Low Sw 
 
High Sw  
(a)             (b) 
Figure 9: (a) The location of the dummy wells to be used in the history matching process based on high or low 
water saturation and (b) the location of the dummy wells in the model on a surface saturation map in 2002 
 
Saturations from Synthetic Seismic: Vertical Water Movement 
The aim of this process was to generate the synthetic seismic used to establish the movement of the oil water contact in the 
eastern section. Rock physics modelling was required for this process. Rock physics modeling is a key component of any 
quantitative seismic data interpretation and 4D history matching process (Falcone et al, 2004) and is used to estimate seismic 
attribute variations for changes in fluid saturation and pressure (Souza et al, 2011). The rock physics model converts fluid and 
rock properties into synthetic P-Wave (compressional wave) and S-Wave (shear wave) velocities and density. Fluid 
substitution is required to alter the fluid contacts and saturations as required and is the conversion of the dry bulk modulus 
(Kdry) to saturated bulk modulus (Ksat) which is achieved using the Gassman Equation (Eqn 1). Gassmann’s theory assumes 
that the rock is homogenous and isotropic and that all pore space is connected (Falcone et al, 2004). The resultant value of Kdry 
is then be used to generate the synthetic compressional wave velocity (Eqn 2) and shear wave velocity (Eqn 3) (Table 4). 
 
The fluid substitution and generation of synthetic seismic was performed using RokDok (Emsley, 2014), a commercial rock 
physics modelling tool. As described by Kawar et al (2003), the manual quantitative workflow for the interpretation of 4D 
seismic requires the comparison of the synthetic seismic with the actual seismic data before continuing with the simulation 
process. The synthetic seismic was used to establish the OWC movement throughout the field by varying the change in the 
OWC movement in incremental steps until satisfactory match was obtained (Figure 10). A total of five cross sections were 
taken through the reservoir section to establish the movement of the OWC (See Appendix F). The change in depth in the 
OWC, and thus residual oil saturation at a given depth and location, were used as history matching points in the assisted 
history matching tool. 
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Table 4: Equations for fluid substitution and generating synthetic seismic 
KF Bulk modulus of the fluid (GPa) 𝐾!"# = 𝐾!"# . 1 − 𝐾!"#𝐾!"𝛷𝐾! + 1 − 𝛷𝐾!" + 𝐾!𝐾!"! (Equation 1) 
KGr Bulk modulus of the grain (GPa) 
Kdry Dry bulk modulus (GPa) 
KM Bulk modulus of the matrix (GPa) 
KSat Saturated bulk modulus (GPa) 𝛷 Porosity % 
K  bulk modulus (GPa) 𝑉! = 𝐾 + 43𝐺  𝜌  (Equation 2) G shear modulus (GPa) Vp Compressional Wave velocity (m/s) ρ  density (kg/m3) 
Vs Shear Wave Velocity (m/s) 𝑉! = 𝐺𝜌 (Equation 3) G shear modulus (GPa) ρ  density (kg/m3) 
    
 
Figure 10: Comparison of 4D seismic with synthetic movement of OWC (Emsley, 2014) 
 
Saturation Matching with 4D Seismic Maps and Synthetic Seismic 
The aim of this step was to use the established saturations from the 4D Difference Maps and the synthetic seismic data and 
apply them as history matching points in the assisted history matching tool. To incorporate these saturations as history 
matching points, pseudo Repeat Formation Tester (RFT) saturation data was generated in the assisted history matching tool for 
the dummy wells presented in Figure 9. An example of the saturation versus depth graphs generated are presented in Figure 11 
along with the desired saturations as history matching points. As presented in Figure 11 (b), the saturations in the model 
change and begin to conform to the saturations seen in the 4D seismic data. Further details are presented in Appendix G. Once 
the history matching process was completed between 1997-2002 for the 4D seismic data, the saturation mapping and ranking 
process was performed for the 4D seismic data, similar to the production data methodology. The quality of the visual 
saturation maps were established by forecasting from 2002 to 2013 and comparing with the actual production data. 
  
(a) (b) 
Figure 11: North Dummy Well: (a) Before history matching to desired saturations and (b) after history matching  
to desired saturations where (OIP) are the top of reservoir saturations derived from the 4D Difference Map and 
(Synthetic) are the saturations derived from the synthetic seismic 
Well E2 and Well E3 
To compare the knowledge value of the 4D seismic for reservoir management purposes, two hypothetical wells (E2 and E3) 
were placed in the north and south region of the sector model which indicated remaining oil in the 4D Difference Map in 2002. 
Monitor-Baseline 
Difference 
Synthetic Seismic 
56ft OWC movement 
OIP 
Synthetic 
OIP 
Synthetic 
Sw 
Depth 
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The wells were forecast from 2006 to 2020 to compare the Cumulative Oil Produced from the regions for both the Production 
Only data and the 4D Data. The locations of the E2 and E3 well are presented in Figure 12.  
 
  
Oil 
 
Water 
 
Perforation 
 
(a)  (b) 
Figure 12: The locations of the E2 and E3 well in (a) an example OIP map from 2002 and (b) in the 4D Seismic 
Difference Map 
 
Results 
History Matching using Production Data Only 
The history matching process using only production data aimed to establish how the model compared visually with the 4D 
Difference Map. The best 30 runs were selected for each of the three structures. The range of STOIIP for these matches are 
presented in Figure 13 which is a Cumulative Distribution Function (CDF) and shows the cumulative probability on the y-axis. 
Figure 13 (a) is the STOIIP for all structures combined while Figure 13 (b) is an individual breakdown of the STOIIP by 
structure. Figure 13 (b) demonstrates how the enlarged structures have a greater quantity of oil-in-place than the original 
structure. Therefore it was anticipated that the variation in STOIIP in the structures would affect the visual matches in 2002. 
 
  
(a) (b) 
Figure 13: Cumulative Probability of Production Only STOIIP for (a) all three structures and (b) by individual 
structure 
Saturation Mapping for Production Data Only 
This step aimed to compare the OIP maps against the 4D Difference Maps and establish the quality of the reservoir model in 
the accuracy of reservoir drainage. Therefore this would establish if the history matched models using production data only 
were accurate to the 4D seismic. The Min, P90, P50, P10 and Max values of the cumulative oil produced until 2002 were used 
as the basis for the creation of OIP maps and the maps were ranked accordingly. The best matches for the original and 
enlarged toe and east-west structures are shown in Figure 14. The original structure provides the best visual match to the 4D 
Seismic Difference Map while the toe and east-west structures provide poorer visual matches. This is due to the fact the larger 
structures spread the volume over a wider area and are may not be in agreement with the 4D seismic, in which the original 
structure was used. Therefore although the expanded structures obtain a good quality history match, variation of the structure 
demonstrates how, although extra volume is required, the additional volume is not necessarily required in the flanks or the toe 
region. However it was necessary to establish how these saturation maps compared to the actual production when forecast to 
2013. 
E1	  
E2	  
E3	  
E1	  
E2	  
E3	  
P10 
P50 
P90 
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(a)    (b)    (c)   (d) 
Figure 14: The best matches from the saturation mapping exercise for Production Only Data in 2002. The original 
structure (a) provides the best match while the toe (b) and the East-West (c) structures give poor visual matches 
in comparison with (d) the 4D seismic image. 
 
Forecasting using Production Data Only 
After history matching the structures from 1997 to 2002, the matches were forecast to 2013. Therefore it could be established 
if the best visual matches gave a similar recovery to the actual cumulative production. Figure 15 (a) presents the Cumulative 
Oil Produced to 2013 using production data only for the three structures with the individual structure results by structure 
presented in Figure 15 (b). The best visual matches for the three structures (as per Figure 14) for production data only are 
highlighted in Figure 15 (b) which shows how the best visual matches provide a low recovery (<P50) and are below the actual 
cumulative oil produced in 2013 (19.2 MMstb). Figure 13 (b) shows how the original model does not have adequate STOIIP to 
produce the required volume. As the best visual matches give low recovery, the worst matches provide high recovery which 
indicates that the reservoir model is draining the reservoir differently than is seen in the 4D seismic data. The higher recovery 
cases in the model drained volume from the north and western flanks greater than what is seen in the seismic. Therefore the 4D 
Data was used to try and force the model to achieve the desired saturations. 
 
 
(a)        (b) 
Figure 15: (a) The Cumulative Production Data for all three structures and (b) the Cumulative Production Data for 
the three structures independently. Note how the Original Structure does not have sufficient volume to meet the 
actual production. 
   
History Matching Using 4D Seismic Data 
This step aimed to force the model to achieve the desired saturations seen in the 4D seismic, and in doing do, improve the 
accuracy of the forecast of E1 to 2013. The history match of the model was revisited using the desired saturations as history 
matching points. The purpose was to achieve history matches that honored both the production data (water cut and BHP) as 
well as the saturations observed in the 4D seismic data. Although the history-matching process using 4D seismic changes the 
saturations achieved by the model, it is still able to attain a satisfactory history match for the water cut and BHP. The best 30 
matches for each of the structures were selected and the STOIIP for these matches are presented in Figure 16, which differs 
from the STOIIP for Production Data Only (Figure 13). To reach the required saturations, as defined by the saturation history 
matching points, the original model recognises that it needs more volume and therefore pushes the limits of the pore volume 
multipliers in the history matching process. This results in a greater STOIIP as seen in Figure 16. The range of STOIIP were 
also narrowed for the three structures as seen in Figure 16 (b) which is due to the confinement of the history match to a narrow 
range by using the saturations as matching points. 
P90 - 2002 P90 - 2002 P90 - 2002 
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(a) (b) 
Figure 16: STOIIP for 4D Seismic Data demonstrating (a) a slightly reduced range and lower P50 while (b) shows 
the narrowed range for each structure 
Saturation Mapping for 4D Data 
This comparison of the OIP maps against the 4D Difference maps was used to establish if altering the history matching using 
desired saturations resulted in an improved accuracy of model drainage. The Min, P90, P50, P10 and Max values of the 
Cumulative Oil produced until 2002 were used as the basis for the creation of OIP maps and the maps were ranked 
accordingly. The best matches for the original, toe and east-west structures are shown in Figure 17. The original structure 
provides the best visual match to the 4D Difference Map similarly to the production data saturation mapping process. While 
the toe and the east-west structures remain poor visual matches compared to the original, the average ranking for these 
structures improved while the best matches also have a higher ranking. The best visual matches for the 4D production data are 
also higher recover (>P50) which demonstrates how the model is being forced to produce oil in agreement with the 4D data.  
  
(a)    (b)    (c)   (d) 
Figure 17: Best matches from the saturation mapping exercise for Production Only Data in 2002. The original 
structure (a) provides the best match while the toe (b) and the East-West (c) structures do not match as well. 
However the matches for the Original, Toe and East West Structure are all superior to the Production Data Only 
set in Figure 14 
  
Forecasting using 4D Data 
Forecasting using the 4D seismic data aimed to establish if history matching using 4D seismic improved the accuracy of the 
forecast from 2002 to 2013. Figure 18 (a) presents the Cumulative Oil Produced to 2013 using 4D seismic data. Forcing the 
model to achieve the saturations seen in 4D Data actually reduced the overall cumulative recovery of the three structures. 
However breaking this graph out into an individual structure basis (Figure 15 (b)), the Cumulative Oil produced is reduced for 
the toe and east-west structures only. The Cumulative Oil produced for the Original Structure has increased and is now closer 
to the Actual Cumulative Production (19.2 MMstb). As the original structure has a superior visual match than the toe and the 
east-west structure. This study concludes that using 4D seismic can improve the forecasting of ranges if the structure used in 
the modelling process is the same as the structure seen in the 4D Seismic. Table 5 compares the results of the history matching 
process using Production Data Only and 4D Seismic Data. The reasoning for the decrease in the cumulative recovery for the 
Toe is partially due to the lower and narrower range of STOIIP as presented in Figure 16. However as the east-west structure 
has a similar STOIIP but lower Cumulative Oil produced, there are additional factors at play. As there are a large number of 
variables (98), the many non-unique solutions may give rise to such a variance in recovery.  
 
However it is seen that the visual matches in the toe and east-west structure are far superior than using history matching with 
production data. As seen in Figure 17(b) and (c), there is now a greater quantity of remaining oil in the north and south section 
of structures which agrees with the 4D Seismic Difference Map. Therefore this oil has not been produced giving rise to the 
P10 - 2002 P10 - 2002 P50 - 2002 
P10 
P50 
P90 
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lower production rates. Therefore to test this hypothesis, an additional well (E2) was placed to the north of E1 in the reservoir 
model. Furthermore to compare results from possible remaining oil south of E1, an additional well (E3) was placed in the toe 
region of the eastern section E1. (See Figure 12). 
 
 
(a)        (b) 
Figure 18: (a) The Cumulative Production Data for all three structures and (b) the Cumulative Production Data for 
the three structures independently. 
 
Table 5: STOIIP Value for Production Data Only 
Structure 
Production Data Only 4D Data 
Units 
Min Max Best Match Min Max Best Match 
Original 17.5 18.4 17.6 17.6 19.0 18.6 MMstb 
Toe 17.5 20.9 18.4 14.9 19.1 17.7 MMstb 
East West Large 18.2 21.9 19.2 15.7 20.8 18.7 MMstb 
Actual Production 19.2 19.2 MMstb 
 
Forecasting of Well E2 and Well E3 
The results of the forecasting aimed to determine if history matching using 4D seismic can affect the expected EUR of 
additional wells and, if significant, does it play a role in influencing decisions pertaining to reservoir management. The 
locations of wells E2 and E3 were placed in locations which indicate remaining oil in place in 2002 on the 4D Seismic 
Difference Map (Figure 12). To ascertain the true incremental values of these wells, E1 and E2 were forecast together from 
2006 to 2020 and, completely separately, E1 and E3 were forecast together from 2006 to 2020. Figure 19 (a) presents the 
results of the forecasted Cumulative Oil in 2020 for both Production Data and the 4D Seismic Data Matches for Well E2 while 
the incremental oil is shown in Figure 19 (b). 
 
 
(a)        (b) 
Figure 19: (a) The range Expected Ultimate Recovery (EUR) of the E2 Well for both the Production Only Data and 
the 4D Data and (b) Sample of the incremental recovery of the E2 well to 2020. 
 
Figure 19 (a) demonstrates that forecasting using the 4D seismic results in greater production for lower (P90) and higher cases 
(P10), however there is not a significant contrast in the P50 results. Table 6 summarises the results of the Expected Ultimate 
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Recovery (EUR) of the E2 well. The difference in the P10 cases for the E2 well may be the difference between an economic 
well or not. However such reservoir management decisions would more likely be based off the P50 case where there is no 
difference. Therefore the use of 4D seismic is unlikely to influence reservoir management decisions for the E2 well. The 
results on an individual structure by structure basis were inconclusive due to the limited number of data points. The results of 
E3 well showed similar results in terms of a small difference between the results and therefore using 4D seismic would not 
alter the decision to use the well or not. The results of E3 are included in Appendix H.  
 
The logic behind why there is no great disparity in the results is because history matching using production data is a 
sophisticated tool and, with the large number of variable used in this study, achieves many non-unique solutions. Therefore 
forcing the model to specific saturations at certain locations, as used in this study, may affect the oil-in-place but does not 
address the underlying issues of permeability and porosity within the reservoir. 
 
Therefore this study concludes that the history matching using 4D seismic does not vary forecasted production results 
sufficiently to alter reservoir management decisions. 
 
Table 6: EUR of the E2 Well 
Structure Production Data Only 4D Data Units 
Min 3.2 3.7 MMSTB 
P90 3.2 3.8 MMSTB 
P50 4.6 4.7 MMSTB 
P10 5.4 6.0 MMSTB 
Max 5.5 7.1 MMSTB 
 
Discussion 
The method of 4D seismic analysis used in this study does narrowly affect the outcome of the forecasting of existing and 
additional wells. By forcing the model to desired saturations, the oil in place volumes can be changed and the way the 
simulation drains the reservoir is changed. This change in forecasting of existing wells is shown by the improvement in the 
forecasting production of the original structure and the worsening of the toe structure. The change in forecasting of additional 
wells is shown by the possible higher P10 cases for the E2 well. The superior visual matches of the OIP maps using 4D 
seismic demonstrate how the model is able to change the location of oil based on the inputs used in this methodology. While 
the use of the 4D narrowed the range of STOIIP for the three structures, it did not improve the forecasting accuracy of the toe 
or east-west structures. Therefore although additional volume may be required, there may be other factors involved. 
 
There were a large number of modifiers (98) used in obtaining a match for the E1 well in the eastern region, thus allowing 
many non-unique solutions. This results in the inability of the toe and east west structures to improve the quality of the 
forecasting accuracy as they have more bulk volume and can vary other parameters more readily in order to attain a history 
match. The original structure is more confined in terms of bulk volume and this results in the improvement of the forecast for 
the E1 well to 2013. To reduce the number of non-unique solutions, a coupled quantitative approach, as per Gosselin et al 
(2003) would be required.  Furthermore, in 2002, the toe and east-west structures did not provide satisfactory visual 
comparison between the OIP maps and the 4D Difference Maps. This is again due to the additional bulk volume and ability to 
spread the oil-in-place over a greater area. Therefore this study also highlights the importance of a definitive geophysical 
interpretation in the analysis of 4D Seismic, in agreement with the observations of Skorstad (2006). Therefore this study 
recommends revisiting the geophysical interpretation of the structure.  Furthermore Skorstad (2006) also stated the importance 
of an accurate static model when using 4D seismic. Therefore the use of the methodology in this study is limited in application 
as, although it can force the model to alter saturations, it does not address the underlying imperfections in the model. Again a 
coupled quantitative approach to 4D seismic analysis would address these issues.  
 
A fully integrated quantitative approach as described by Gosselin et al, 2003 was considered as an additional step in this study. 
However this is a time consuming task (Sagitov, 2012) and in combination with the limited amelioration of results from the 
manual quantitative approach, it was not considered as a viable step. Prestwick, (2000) demonstrated that 4D Seismic has a 
much greater value when used over multiple wells in a field and not in an isolated case as seen in this study. For heterogeneous 
reservoirs with large scale Enhanced Oil Recovery (EOR) programs, 4D seismic has shown to be valuable historically 
(Mezghani, 2004) and therefore 4D seismic is, paradoxically, suited to the reservoirs which give a poor seismic response. 
 
Although history matching using the 4D seismic data resulted in greater visual matches of the model OIP maps with the 4D 
Difference Map, the seemingly additional oil in the northern section of the field did not significantly alter the EUR of the E2 
Well. Although the P10 case was considerably higher, there was no disparity between the expected P50 cases. This 
demonstrates that history matching using production data only is a very sophisticated tool and produces high quality results.  
Portella (2005) demonstrates that history matching using 4D seismic is limited in relatively homogenous reservoirs as the 
production data can provide a good quality history match. This study is in agreement with these findings. The MacCulloch 
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field is high N:G sandstone reservoir with no water injection. This study demonstrates that, although 4D seismic is a very 
useful tool for the confirmation of fluid movement, history matching using production data is sufficient in relatively 
homogenous reservoirs with a strong aquifer support. Therefore 4D seismic is limited in its influence on reservoir management 
decisions in relatively homogenous reservoirs. 
 
Conclusion 
The use of 4D Seismic is expected to rise in the coming years with ever more complex and unconventional reservoirs. This 
study looked at the value of 4D seismic in a mature oil field to determine the influence of 4D Seismic on reservoir modelling 
and management. For relatively homogenous reservoirs with a strong aquifer support, it was found that history matching using 
production data was similar in terms of quality of the match and predicted forecasts. This study also demonstrated the 
importance of the correct interpretation of the geophysical structure and the static geological parameters in the static model, 
which may reduce the value of the information from the 4D seismic. 
 
Recommendations for Further Work  
• Revisit the geophysical interpretation of the structure on the MacCulloch field 
• Perform manual quantitaive 4D seismic analysis on the centre of the field which is more hetetogenous and has 
mutiple interacting wells and obtain any additional value 
• Determine if the methodology used in this project is capable of increasing the knowledge value of the reservoir using 
4D seismic 
• Perform new 4D seismic analysis to determine the aquifer influx in the core of the field 
• Proceed to coupled quantitative 4D analysis (Gosselin et al, 2003) for the centre of the field if the manual approach is 
effective at reducing uncertainty and improving future forecasts 
 
Nomenclature 
 
°C degrees Celsius AVO Amplitude Versus Offset 
°F degrees Fahrenheit BHP Bottom Hole Pressure 
bbl barrels CDF cumulative distribution function 
bopd Barrels of oil per day EUR Expected Ultimate Recovery 
ft feet EUR Expected Ultimate Recovery 
G shear modulus (GPa) EW East west structure expansion 
K bulk modulus (GPa) FPSO   Floating Production Storage and Offloading vessel 
Kdry bulk modulus of the porous frame HUTS History Matching Using Time Lapse Analysis 
KF  Bulk modulus of the fluid N:G Net to Gross Ratio 
Kgr Bulk modulus of the grain NRMS Normal Root Mean Square 
mD milliDarcy OBC Ocean Bottom Cable 
MMstb Million stock tank barrels OIP Oil In Place 
now Corey oil exponent Orig Original structure expansion 
nw Corey water exponent OWC Oil Water Contact 
Pb Bubble Point Pressure SAGD Steam Assisted Gravity Drainage 
Pi Initial Reservoir Pressure SCAL Special Core Analysis 
rb reservoir barrels STOIIP   Stock tank barrels Initially In Place 
scf standard cubic feet TVDSS True Vertical Depth Subsea 
Sor Residual water saturation AVO Amplitude Versus Offset 
stb stock tank barrels   
Sw water saturation   
Swc Connate water saturation   
Vbulk bulk volume   
Vp Compressional Wave velocity (m/s)   
Vpore Pore volume   
Vs Shear Wave Velocity (m/s)   
ρ density (kg/m3)   
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Appendix A: Critical Literature Review 
 
Reference Year Title Authors Contribution 
SPE-1580-G-PA 1961 Determining Areal Permeability Distribution by Calculations Kruger. W.D. 
Demonstrated the first use of history 
matching 
SPE-1307-PA  
 1965 
Permeability Distribution From Field 
Pressure Data Jacquard, P. Jain, C. 
Derived the equations for the calculation 
of permeability from pressure 
measurements for a 2-D reservoir 
SPE-38441-PA 1997 Reservoir Simulation: Past, Present, and Future Watts, J.W 
Discusses the advancement of reservoir 
simulation and the technological 
advancements used to ameliorate 
reservoir modelling capabilities 
SEG-1997-1945 1997 Practical Geophysical Issues of 4D Seismic Reservoir Monitoring 
Lumley, D.E 
Behrens. R.A 
Presented a new methodology for the 
analysis of 4D seismic by incorporating 
the use of rock physics modelling and 
thus the creation of synthetic seismic in 
the history matching process. 
SEG-1999-1651 1999 
Discrimination between Pressure and 
Fluid Saturation Changes From Time 
Lapse Seismic Data 
Landrø, M 
Presented the equations used to 
distinguish between changes in pressure 
and saturation seen in 4D seismic 
SPE-90420-MS 1999 
Calibrate Flow Simulation Models with 
Well-Test Data to Improve History 
Matching 
He, N. 
Chambers, K.T. 
Presented a methodology for the 
updating of the stochastic modelling of 
the geostatistical model using object 
function and gradient based 
methodology. 
SPE-63133-MS 2000 Quantifying the Economic Impact of 4D Seismic Waggoner, J.R 
Demonstrated the potential economic 
benefits of using 4D seismic through 
reservoir management optimisation	  
OTC-12130-MS 2000 
Estimating Pressure and Saturation 
Changes From Time-Lapse AVO Data 
 
Tura, A 
Lumley, D.E 
Demonstrated that it was possible to 
estimate changes in pressure and 
saturations using acoustic impedances 
(AI). 
SPE-63294-MS 2000 
Foinaven 4D Seismic - Dynamic 
Reservoir Parameters and Reservoir 
Management 
O’Donovan, A.R. 
Smith S.G. 
Kristiansen, P. 
Demonstrated a workflow used by major 
oil company in the early days of 
quantitative seismic interpretation. The 
paper also defined qualitative and 
quantitative seismic analysis.  
SPE-84464-MS 2003 History Matching Using Time-lapse Seismic (HUTS) 
O. Gosselin,  
Aanonsen, S.I. 
Aavatsmark, I. 
Cominelli, A. 
Gonard, R. 
Kolasinski, M. 
Ferdinandi, F. 
Kovacic, L. 
Neylon, K. 
Presented a quantitative methodology 
for updating the reservoir simulation 
modelling using time lapse seismic by 
coupling the Petro-Elastic Modelling with 
the history matching of the simulation 
model and updating model using a 
gradient based approach 
SPE-90420-MS 2004 
History Matching and Quantitative Use 
of 4D Seismic Data for an Improved 
Reservoir Characterization 
 
Mezghani, M.,  
Fornel, M. 
Langlais, V. 
Lucet, N 
Demonstrated a methodology for the 
quantitative use of 4D seismic for 
improving history matching process and 
therefore reservoir characterisation. 
SPE-90466-MS 2004 Petro-elastic Modelling as Key Element of 4D History Matching: A Field Example 
Falcone, G. 
Gosselin, O. 
Maire, F. 
Marrauld, J. 
Zhakupov, M. 
Demonstrated a methodology for the 
quantitative use of 4D seismic for 
improving history matching process and 
therefore reservoir characterisation. 
SPE-94650-MS 2005 Use of Quantitative 4D-Seismic Data in Automatic History Match 
Portella, R.C.M. 
Emerick, A.A 
One of the first papers to use 
commercially available HUTS software 
and apply the quantitative method for the 
history matching process. 
SPE-100295-MS 2006  
Reducing Reservoir Prediction 
Uncertainty Using Seismic History 
Matching 
Stephen, K.D.  
Macbeth, C. 
Demonstrated how the use of 
quantitative seismic analysis improves 
the prediction of recovery and areal 
sweep by reducing uncertainty.  
SPE-106366-PA 2006 
Combining Saturation Changes and 4D 
Seismic for Updating Reservoir 
Characterizations 
Skorstad, A. 
Kolbjornsen, O. 
Drottning, A.  
Gjoystdal, H. 
Huseby, O. 
Described a workflow for quantitative 4D 
seismic analysis and the importance of 
the reservoir model being true to the 
geology of the field. 
SPE-104519-MS 2007 
Porosity and Permeability Estimation by 
Gradient Based History Matching using 
Time-Lapse Seismic Data 
Dadashpour, M. 
Kleppe. J. 
Landrø, M 
Presented a methodology for estimating 
porosity and permeability distributions 
from time-lapse seismic data. 
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SPE-125632-MS 2009 Permeability Updating of the Simulation Model Using 4D Seismic Data 
Villegas, R. 
Macbeth, C. 
Paydayesh, M. 
Presented a methodology for the 
updating of the permeability in the 
simulation model based on the outcome 
of a quantitative 4D seismic analysis 
without using a petroelastic model during 
the history matching process. 
SPE-154503-MS 2012 
Assisted Seismic History Matching in 
Different Domains: What Seismic Data 
Should We Compare? 
Sagitov. I 
Stephen. K.D 
Assisted Seismic History Matching in 
Different Domains: What Seismic Data 
Should We Compare? 
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SPE-1580-G-PA (1961) 
Determining Areal Permeability Distribution by Calculations 
 
Authors: Kruger. W.D. 
 
Contribution to 4D Seismic: 
This paper demonstrated the first use of history matching which was built on when history matching using 4D seismic was 
implemented. 
 
Objective of the paper:  
This paper presented a calculation procedure for determining the areal permeability distribution in the reservoir. The use of the 
procedure allows verification of the basic reservoir data through the matching of past reservoir conditions. 
 
Methodology used:  
This paper derived the equations for predicting reservoir operations based on past reservoir conditions. The calculations 
presented used permeability calculations for derivation of the solution.   
 
Conclusion reached:  
The conclusions of this paper are (1) use of the calculation provides data that allow a match of past reservoir conditions and 
thus reliable prediction of future operations and (2) the procedure should, where applicable, be used to provide adequate 
reservoir data for use in two-dimensional flow calculations and related reservoir analyses. 
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SPE-1307-PA (1965) 
Permeability Distribution from Field Pressure Data 
 
Authors: Jacquard, P., Jain, C. 
 
Contribution to 4D Seismic: 
This paper derived the equations for the calculation of permeability for pressure measurements for a 2-D reservoir 
 
Objective of the paper: 
The calculation of the permeability from pressure measurements had been calculated for a circular 1-D reservoir. This paper 
aimed to further this work by calculating equations for a 2-D reservoir by zonation methods.  
 
Methodology used: 
This paper divided the reservoir into a number of blocks (or cells) through which fluid moves and each cell is assigned a 
volume (V), flow capacity (C) and pressure (P). The production rate (Q) at each time step (t) is then correlated with each cell 
to give the permeability (k) derivation for each cell.  The method was then applied to a number of test cases.  
 
Conclusion reached:  
The paper showed the validity of the method but is limited by the quality of the pressure data. This study recommended the 
development of computer programming to formulate reservoir permeability. 
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SPE-38441-PA (1997) 
Reservoir Simulation: Past, Present, and Future 
 
Author: Watts, J.W 
 
Contribution to 4D Seismic: 
This paper discusses the advancement of reservoir simulation and the technological advancements used to ameliorate reservoir 
modelling capabilities.  
 
Objective of the paper: 
The objective of the paper is to describe a brief history of reservoir simulation, current practices and the future outlook of 
reservoir simulation. 
 
Methodology used: 
This paper presented an extensive literature review of the history of reservoir simulation past, present, and future.  
 
Conclusion reached: 
The paper predicted that further advancements may result in unstructured grids with many millions of cells in reservoir 
simulations. 
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SEG-1999-1651 (1999) 
Discrimination between Pressure and Fluid Saturation Changes From Time Lapse Seismic Data 
 
Authors: Landrø, M 
 
Contribution to 4D Seismic: 
This paper presented the equations used to distinguish between changes in pressure and saturation seen in 4D seismic 
 
Objective of the paper:  
The objective of this paper was to determine an effective methodology to distinguish between the changes seen in the 4D 
seismic due to saturation and pressure changes. As an increase in pressure, and also the release of gas due to a reduction in 
pressure,  results in brightening of the seismic, being able to distinguish between these effects is key in reservoir management.  
 
Methodology used:  
The paper used an expression for P-wave (compressional) wave velocity: 
 
Substituting additional parameters into the above equation resulted in expressions for the reflectivity in terms of slope and 
intercept for both pressure and saturation allowing one to distinguish between changes in pressure and saturation. 
 
Conclusion reached: 
The derived equations show that an increase in both intercept and gradient will be detected as a saturation effect, while for 
instance an increased intercept value followed by a decreased gradient, will be interpreted as a pressure effect. 
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SPE-90420-MS (1999) 
Calibrate Flow Simulation Models with Well-Test Data to Improve History Matching 
 
Authors: He, N., Chambers, K.T. 
 
Contribution to 4D Seismic: 
This paper presented a methodology for the updating of the stochastic modelling of the geostatistical model using object 
function and gradient based methodology. 
 
Objective of the paper:  
This study aimed to present a methodology to update reservoir simulation models based on the results from well test results 
which involved the use an object function. 
 
Methodology used:  
This paper used a doubly stochastic model which allowed an updating of local and mean conditions of the model. The gradient 
based methodology was developed based on a Bayesian approach and with an iterative Gauss-Newton approach used to 
converge the object function and match the model and the well test data. The methodology was then applied to a full field 
carbonate reservoir example.  
 
Conclusion reached:  
Demonstrated that this approach improved the accuracy of the models and skin factors can also be forecasted using this 
approach. Demonstrated that automatic history matching using an object-based approach can provide good results. 
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SPE-63133-MS (2000) 
Quantifying the Economic Impact of 4D Seismic 
 
Authors: Waggoner, J.R 
 
Contribution to 4D Seismic: 
This paper demonstrated the potential economic benefits of using 4D seismic through reservoir management optimisation 
 
Objective of the paper:  
This paper presented a calculation procedure for determining the areal permeability distribution in the reservoir. The use of the 
procedure allows verification of the basic reservoir data through the matching of past reservoir conditions 
 
Methodology used:  
This paper used Expected Monetary Value (EMV) as the basis of the economic calculations. Decision tree analysis was 
performed using Bayesian logic. The paper used examples from the Draugen and Gannet fields in the North Sea as examples.  
 
Conclusion reached:  
The paper stated that it is a broad definition but ultimately stated that with proper management, 4D seismic will also have an 
economic return in the case of complex reservoirs with intentions for future drilling programs. The greater the uncertainty in 
the reservoir, the greater the benefits and thus economic return of the 4D seismic.  
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OTC-12130-MS (2000) 
Estimating Pressure and Saturation Changes From Time-Lapse AVO Data 
 
Authors: Tura, A and Lumley, D.E 
 
Contribution to 4D Seismic: 
This paper demonstrated that it was possible to estimate changes in pressure and saturations using acoustic impedances (AI). 
 
Objective of the paper: 
This paper aimed to show how the inversion of P-wave and S-wave impedances can be inverted to describe multiple reservoir 
properties such as pressure and saturation. 
 
Methodology used: 
The methodology used in this paper was: 
1. Invert the amplitude verus offset (AVO) data for relative changes in P-wave and S-wave impedance. 
2. Use log data to obtainabsolute P-wave and S-wave impedances from the relative changes 
3. Time-lapse changes in impedances are relatedto time-lapse changes in dynamic reservoir properties using impedance 
crossplotting. 
This methodology was then applied to a test case in the Gulf of Mexico. 
 
Conclusion reached: 
This paper showed how time-lapse seismic P-wave reflection data can be used to obtain maps of reservoir pressure and fluid 
saturation changes during production. Inverting the P-wave and S-wave impedance can decouple pressure and saturation 
pressure changes.  
  
x  History Matching  Using 4D Seismic 
SPE-84464-MS (2003) 
History Matching Using Time-lapse Seismic (HUTS) 
 
Authors: Gosselin, O., Aanonsen, S.I., Aavatsmark, I., Cominelli, A., Gonard, R., Kolasinski, M., Ferdinandi, F., Kovacic, L., 
Neylon, K. 
 
Contribution to 4D Seismic: 
This paper presented a quantitative methodology for updating the reservoir simulation modelling using time lapse seismic by 
coupling the Petro-Elastic Modelling with the history matching of the simulation model and updating model using a gradient 
based approach. A commercial software was also produced as part of the process.  
 
Objective of the paper:  
This paper aimed to overcome the difficulties in previous qualitative and early quantitative methodologies of interpreting 4D 
seismic which were often performed by visual inspection. This paper aimed to produce software capable of coupling the PEM 
and history matching tools.  
 
Methodology used:  
The methodology described is the use of an object based function to define the misfit between the production and seismic data. 
The paper used a matching loop in the Petro-Elastic domain. The PEM involved the use of the Gassmann equation. The 
methodology was applied to number of test cases.  
 
Conclusion reached:  
This paper showed how the use of 4D improves the history matching process and demonstrated how correctly history matched 
models, may in fact be incorrect in terms of fluid distribution. This paper also showed how the use of a petro-elastic model is 
crucial in the process.  
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SPE-90420-MS (2004) 
History Matching and Quantitative Use of 4D Seismic Data for an Improved Reservoir Characterization 
 
Authors: Mezghani, M., Fornel, M., Langlais, V., Lucet, N 
 
Contribution to 4D Seismic: 
This paper demonstrated a methodology for the quantitative use of 4D seismic for improving history matching process and 
therefore reservoir characterisation. 
 
Objective of the paper:  
This paper applied joint inversion scheme for estimating petro physical properties by integrating both production and 4D 
seismic related data in geological modelling.  
 
Methodology used:  
This methodology presented in this paper was made up of two phases: 
 
1. Pre-stack seismic inversoin to estimate the P-wave and S-wave impedances and thus distinguish between pressure and 
saturation changes. 
2. Production and pre-stack 4D seismic history matching using sythetic seismic and coupling of the PEM to the history 
matching tool. 
Conclusion reached:  
An integrated approach to history matching using 4D seismic and production data improves the accuracy of the history match. 
Demonstrated how issues of upscaling are important in the history matching process. 
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SPE-90466-MS (2004) 
Petroelastic Modelling as Key Element of 4D History Matching: A Field Example 
 
Authors: Falcone, G., Gosselin, O., Maire, F., Marrauld, J., Zhakupov, M. 
 
Contribution to 4D Seismic: 
This paper demonstrates the importance of accurate petro-elastic model (PEM) in history matching sing 4D seismic and the 
difficulty for obtaining an accurate PEM for unconsolidated sandstones.  
 
Objective of the paper:  
This paper aimed to demonstrate importance of Petro-Elastic Modelling in 4D history matching and showcase the initial 
results of field example (Girassol field offshore of Angola) 
 
Methodology used:  
This paper using a similar History Matching Using Time Lapse Seismic (HUTS) as described by Gosselin et al, 2000 using the 
Gassman equations for fluid substitution and an objective function. The paper assumed isotropic elastic medium as per 
Glassman’s equations and used the Girassol field in Angola as a real case study. 
 
Conclusion reached:  
Calibration of PEM models using poor lab data, and particularly for unconsolidated sands, is challenging. This may be 
mitigated with further acoustic logs but this may prove uneconomical.  This paper stated that it is crucial that the initial static 
model must be consistent with the base seismic survey. 
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SPE-94650-MS (2005) 
Use of Quantitative 4D-Seismic Data in Automatic History Match 
 
Authors: Portella, R.C.M., Emerick, A.A 
 
Contribution to 4D Seismic: 
One of the first papers to use commercially available software using quantitative method for the history matching process. 
Demonstrated how the quantitative use of 4D seismic can give a superior history match. 
 
Objective of the paper: 
The objective of the paper is to perform History Matching using the latest quantitative simulation tools and to demonstrate the 
effectiveness of incorporating 4D seismic and its quantitative interpretation into the history matching process.  
 
Methodology used:  
The study used recently available commercial software from Schlumberger named SIMOPT and ECLIPSE HUTS. A synthetic 
field was used for the purpose of this study due to limited availability of 4D data in the company. Also using the synthetic case 
allowed them to know the exact geological features of the field and determine if the seismic or production data gave a more 
realistic match. 
 
Conclusion reached: 
The commercial software obtained a superior match using the 4D seismic data than the production data alone. The best match 
was obtain by using both the seismic and production data but the 4D seismic alone gave a very close match. However the 
author acknowledged that the use of a relatively homogenous case was not the most desirable study and recommended work 
on more heterogeneous reservoirs.   
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SPE-100295-MS (2006) 
Reducing Reservoir Prediction Uncertainty Using Seismic History Matching 
 
Authors: Stephen, K.D. Macbeth, C 
 
Contribution to 4D Seismic: 
Demonstrated how the use of quantitative seismic analysis improves the prediction of recovery and areal sweep by reducing 
uncertainty.  
 
Objective of the paper:  
The objective of the paper was to demonstrate the effectiveness of quantitative seismic analysis in reducing reservoir 
uncertainty.  
 
Methodology used:  
This paper using a similar History Matching Using Time Lapse Seismic (HUTS) as described by Gosselin et al, 2000 using the 
Gassman equations for fluid substitution and an objective function. This paper used a Bayesian framework for the uncertainty 
analysis to obtain a Posterior Probability Distribution (PPD) and used a Neighborhood algorithm to select the parameters being 
varied in the history matching process 
 
Conclusion reached:  
This paper concluded that history match using time-lapse seismic is superior to history matching using production data. This 
paper also concluded that seismic data is very useful where there are large reservoir changes away from the producers but 
production data may be superior in narrow reservoir spaces.  
  
History Matching Using 4D Seismic   xv 
SPE-106366-PA (2006) 
Combining Saturation Changes and 4D Seismic for Updating Reservoir Characterizations 
 
Authors: Skorstad, A., Kolbjornsen, O., Drottning, A. Gjoystdal, H., Huseby, O. 
 
Contribution:  
Described a workflow for quantitative 4D seismic analysis and the importance of the reservoir model being true to the geology 
of the field. 
 
Objective of the paper:  
The objective of the paper was to demonstrate the importance of the reservoir model matching the geology of the field while 
using 4D seismic in the history matching process. 
 
Methodology used: 
The methodology used in this paper follows the established methodology of generating synthetic seismic using compressional 
and shear wave velocities. A synthetic reservoir was also used in the modelling process in order to know the exact geology of 
the field and how realistic the history matching was in terms of selecting the correct values for the modifiers. 
 
Conclusion reached:  
Initial history matching using the production and 4D seismic data failed to achieve a match. Therefore revisiting the stochastic 
modelling of the static model was required in order to obtain a match, thus highlighting the importance a realistic geologic 
model in the use of 4D seismic for history matching. 
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SPE-104519-MS (2007) 
Porosity and Permeability Estimation by Gradient Based History Matching using Time-Lapse Seismic Data 
 
Authors: Dadashpour, M. Kleppe. J, Landrø, M 
 
Contribution: 
This paper presented a methodology for estimating porosity and permeability distributions from time-lapse seismic data. 
 
Objective of the paper: 
This paper aimed to create an algorithm updating with respect to 4D seismic data using a Gauss-Newton optimization 
technique that resulted in the estimation of porosity and permeability distributions from time-lapse seismic data.  
 
Methodology used: 
This paper used a Gauss-Newton optimization technique for continuous model updating for 4D seismic analysis. The study 
used a commercial reservoir simulator and a standard rock physics model to predict seismic amplitudes as a function of 
porosity and permeability.  The methodology was applied to a synthetic test case. 
 
Conclusion reached:  
History matching of a reservoir model is non-unique. The Gauss-Newton inversion process reduces the misfit between 
observed and calculated time-lapse seismic amplitudes and it is possible to estimate the porosity and permeability distributions 
from time-lapse seismic data.  
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SPE-125632-MS (2009) 
Permeability Updating of the Simulation Model Using 4D Seismic Data 
 
Authors: Villegas, R., Macbeth, C., Paydayesh, M. 
 
Contribution:  
This paper presented a methodology for the updating of the permeability in the simulation model based on the outcome of a 
quantitative 4D seismic analysis without using a petroelastic model during the history matching process. 
 
Objective of the paper:  
The objective of the paper is to take existing methods of mapping 2D permeability using seismic and advancing this to using a 
3D model and therefore not to have to use a petro-elastic model in the process.  
 
Methodology used: 
The methodology used here is similar using a model by Macbeth 2006, deriving the permeability distribution form the single 
phase diffusivity equation which incorporated seismic attribute difference. To get the permeability from 2D into a 3D format, 
multipliers were used in each layer of the model. The commercial software (SimOpt) was used which involves a gradient 
based history matching approach. 
 
Conclusion reached:  
The implementation of the 4D seismic gave a slight improvement in the match quality and timing of the water breakthrough. 
However the incorporation of the data changed the parameters used to obtain the match giving a more realistic model and also 
had cost savings due to reduced runtime.  
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SPE-154503-MS (2012) 
Assisted Seismic History Matching in Different Domains: What Seismic Data Should We Compare? 
 
Authors: Sagitov. I, Stephen, K.D 
 
Contribution to 4D Seismic:  
Demonstrated that manual or qualitative results compare reasonably well to iterative and complex quantitative assisted history 
matching procedures. 
 
Objective of the paper: 
This paper aimed to compare the difference methodologies of qualitative and quantitative history matching techniques using 
different domains such as time domain, seismic attributes and petro-elastic model 
 
Methodology used: 
This paper used a neighborhood algorithm as per Stephen and Macbeth (2006). The quantitative methodology was slow so the 
model was upscaled to improve run time. The paper used a petro-elastic model and performed a quantitative methodology the 
same as Gosselin et al 2003. 
 
Conclusion reached: 
Demonstrated that a simplistic qualitative approach can produce good results in the history matching process comparative to a 
quantitative method. However the non-uniqueness of the qualitative solution is therefore where the quantitative methodology 
is superior.   
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Appendix B: Reservoir Characterisation 
The MacCulloch field is located in the Central North Sea (CNS) on the Northern flank of the Wytch Ground Graben in water 
depth of about 150m. The field is an elongate, four way dip closed structure with Upper Balmoral Sandstone forming the 
reservoir section with an oil column height of 60-80m across the reservoir. The quality of the reservoir is very good as it 
comprises primarily of high permeability (200-2000mD) and high porosity (25-30%) sheet sandstones with interbedded shales.  
 
Table B- 1 presents further details of the MacCulloch Reservoir. Figure B- 1 shows the location of the E1 well and the 15/24b-
6 appraisal well. Figure B- 2 demonstrates the homogenous nature of the eastern section of the field. Global and European 
analogues for the MacCulloch field are presented in Table B- 2 and Table B- 3. 
 
Table B- 1: MacCulloch Field Parameters 
Parameter Value 
Initial Pore Pressure 2770 psia @ 6150 ft  TVDSS 
Reservoir Temp 175 °F (79 °C) 
Oil API  37 °API (Black Oil) 
Gas Gravity 0.68 
GOR 387  scf / bbl 
Reservoir Brine Salinity 90,000 ppm 
Overburden Pressure Gradient 0.8  psi / ft 
STOIIP 241 MMSTB 
Estimated Recovery Factor 50-55% 
Production Start Up Date 10-Aug-1997 
Max Production Rate (Field) 60,000 bopd 
Current Production Rate (Field) ~7,400 bopd 
Current Production Rate (Well E1) 1700 bopd 
Recovery Factor  40-50% 
Drive Mechanism Strong Aquifer Drive (No Water injection) 
Water Depth 490 ft 
Geology  
Structure 4 way dip close 
Formation Upper Balmoral Sandstone 
Age Late Palaeocene 
Reservoir Geology Sandstone with interbedded shales 
Net to Gross Ratio 0.4 to 0.9 
Reservoir Permeability 200 – 2000mD (Core data) 
kv / kh ratio 0.1 – 0.8 (See Figure XX) 
Fluid  
Bubble Point Pressure 1700 – 2290 psia 
Formation Value Factor 1.244 rb /stb 
Oil Column Height 240  ft 
Formation Water Resistivity 0.0781 ohm-m @ 25°C 
Liquid Viscosity 0.6 cP 
Liquid density at Res Conditions 0.731 g/cc 
Seismic  
Base Survey 1993 (Summer) 
Monitor Survey 2002 (April/May) 
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Figure B- 1:  Location of the appraisal well 15/24b-6 (“6”) well in the eastern section of the field 
 
 
 
Figure B- 2:  Well 15/25b-3 in the western section of the field showing injectite sands while well 15/24b-6 in the eastern section of the 
field core showing large sand sections in the reservoir 
E1 
“6” 
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Figure B- 3:  High kv / kh ratio for well 15/24b-6 in the eastern section fo the field 
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Table B- 2: World Analogues for the MacCulloch Field 
Rank Recovery Factor (%) Field Operator Location Operating Environ Lithology 
1 50 SALT CREEK BP USA ONSHORE SANDSTONE 
2 51 SAMARANG PETRONAS MALAYSIA OFFSHORE SANDSTONE 
3 50 THISTLE DNO UK OFFSHORE SANDSTONE 
4 50 OKLAHOMA CITY 1/3 NUMEROUS USA ONSHORE SANDSTONE 
5 50 ZAFIRO EXXONMOBIL 
EQUATORIAL 
GUINEA OFFSHORE SANDSTONE 
6 50 PETANI CALTEX PACIFIC INDONESIA ONSHORE SANDSTONE 
7 53 GANNET 4/4 SHELL UK OFFSHORE SANDSTONE 
8 47 BERYL 1/4 EXXONMOBIL UK OFFSHORE SANDSTONE 
9 48 NINIAN CNR UK OFFSHORE SANDSTONE 
10 48 HARRIET APACHE AUSTRALIA OFFSHORE SANDSTONE 
11 51 TELFORD-MARMION AMERADA HESS UK OFFSHORE SANDSTONE 
12 49 TIMBALIER BAY CHEVRON USA 
ONSHORE-
OFFSHORE SANDSTONE 
13 54 SARIR LNOC LIBYA ONSHORE SANDSTONE 
14 50 CHALLIS BHP BILLITON AUSTRALIA OFFSHORE SANDSTONE 
15 46 SERIA SHELL BRUNEI ON/OFFSHORE SANDSTONE 
16 51 RABI-KOUNGA SHELL GABON ONSHORE SANDSTONE 
17 53 ELK HILLS 2/2 OCCIDENTAL USA ONSHORE SANDSTONE 
18 46 BADR EL DIN BAPETCO EGYPT ONSHORE SANDSTONE 
19 50 MEREN CHEVRON NIGERIA OFFSHORE SANDSTONE 
20 50 QUITMAN NUMEROUS USA ONSHORE SANDSTONE 
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Table B- 3: European Analogues for the MacCulloch Field 
Rank Recovery Factor (%) Field Operator Location Operating Environ Lithology 
1 50 THISTLE DNO UK OFFSHORE SANDSTONE 
2 53 GANNET 4/4 SHELL UK OFFSHORE SANDSTONE 
3 47 BERYL 1/4 EXXONMOBIL UK OFFSHORE SANDSTONE 
4 48 NINIAN CNR UK OFFSHORE SANDSTONE 
5 51 TELFORD-MARMION AMERADA HESS UK OFFSHORE SANDSTONE 
6 47 SCOTT NEXEN UK OFFSHORE SANDSTONE 
7 49 ANDREW BP UK OFFSHORE SANDSTONE 
8 52 NELSON ENTERPRISE UK OFFSHORE SANDSTONE 
9 55 WYTCH FARM BP UK 
ONSHORE-
OFFSHORE SANDSTONE 
10 56 SMORBUKK SOR STATOIL NORWAY OFFSHORE SANDSTONE 
11 56 MAUREEN CONOCOPHILLIPS UK OFFSHORE SANDSTONE 
12 46 DUNLIN SHELL UK OFFSHORE SANDSTONE 
13 53 BRENT 2/2 SHELL UK OFFSHORE SANDSTONE 
14 43 MURCHISON CNR UK /NORWAY OFFSHORE SANDSTONE 
15 57 MILLER BP UK OFFSHORE SANDSTONE 
16 57 ULA BP NORWAY OFFSHORE SANDSTONE 
17 45 GYDA TALISMAN NORWAY OFFSHORE SANDSTONE 
18 47 SCAPA TALISMAN UK OFFSHORE SANDSTONE 
19 58 MAGNUS BP UK OFFSHORE SANDSTONE 
20 42 GANNET 2/4 SHELL UK OFFSHORE SANDSTONE 
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Appendix C: Preliminary History Matching 
A sector model of the eastern section of the MacCulloch field was created in for this study to isolate Well E1 from the rest of 
the field (see Figure C- 1). Due to the geological uncertainty in the eastern section of the field, the reservoir model was 
initially divided into 10 different sections. 
 
History matching is a time consuming process and therefore to reduce the simulation time, a number of parameters were 
eliminated in the history matching process. The assisted history matching tool used in this study is limited to 100 variables. 
Therefore in order to achieve the best match possible match close to the well, outlying modifiers were removed from the 
history matching process. The sector model in the eastern section of the field was initially divided into 10 regions as presented 
in Figure C- 2(a) with a further 2 layers added in each section. With 4 modifiers in each layer (PERMX, PERMY, PERMZ, 
PORO) this resulted in 80 variables for the regions. However as seen in Figure C-3 varying the parameters in sections 10-6 did 
not affect the history matching process and were considered parameters to exclude in the history matching process. Therefore 
revised regions were used as per Figure C-2 (b) to focus on the location around E1. 
 
 
Figure C- 1: The location of well E1 and the sector model 
 
  
(a) (b) 
Figure C- 2: The location of well E1 and the sector model (a) Location of the 10 regions and layers used in the 
history matching process and  (b) the revised regions used in the rest of the study 
 
 
Layers 
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Figure C- 3: Negligible variation in the history match found varying parameters in Zones 10-6 
 
History matching using a Shale Baffle 
The 4D seismic analysis in 2002 identified the presence of an extensive basal shale baffle in the western portion of the field 
(Scorer et al, 2004). Wireline logs for the appraisal well 15/24b-6 in the eastern section (See Appendix B) identified the 
presence of shale in two 10ft layers in the eastern section of the field. As these layers are sub-seismic (<50ft), it is uncertain 
how laterally extensive these shale layers are. A sensitivity analysis was performed by placing a low permeability (1 µD) shale 
layer under the entire eastern portion of the field with a variation applied to the depth of the shale layer to investigate the 
possibility of shale baffle in the eastern section of the field. The application of a blanket shale underlying the eastern section of 
the field did not results in any variation of the history match and therefore was not investigated further in this study. Figure C- 
4 shows how the history match did not vary during this process for many simulations.  
 
 
Figure C- 4: Negligible variation in the history match found by inserting a blanket shale underneath the eastern 
section 
 
Pore Volume Multipliers 
The use of large pore-volume mulitpliers (range of 0.3 to 2) resulted in a porosity of almost 40% which is likely too high. 
However it did result in a good match on water cur development as seen in Figure C- 5. An example of the oil produciton 
history match is presented in Figrure C-6 
 
Figure C- 5: Improved history match using pore volume multipliers.  
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Figure C- 6: Oil production rate history match  
 
Transmissibility Multipliers 
The variation of horizontal and vertical permeability improved the history match. However due to the presence of intermittent 
shales in the model, the transmissibility in the model may be affected. Therefore a sensitivity was performed on the effect of 
transmissibility variation in the modeling the x, y and z directions. An example of the MINVALUES applied are presented in 
Figure C- 7 and Figure C- 8. However as presented in Figure C- 9, the application of the MINVALUES did not results in an 
improvement in the history match. 
 
 
Figure C- 7: Application of MINVALUE to Transmissibility I (Min 250 cP. RB / d.psi) 
 
 
Figure C- 8: Application of MINVALUE to Transmissibility X (Min 2 cP. RB / d.psi)  
 
Porosity (ft3/ ft3) Porosity (ft3/ ft3) 
Porosity (ft3/ ft3) Porosity (ft3/ ft3) 
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Figure C- 9: Application of MINVALUE to Transmissibility X (Min 2 cP. RB / d.psi) 
  
Min Tran Z50 
Min Tran Z150 
Min Tran Z 400 
Min Tran XY1 
Min Tran XY2 
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Appendix D: Structural Flex 
As an alternative of artificially increasing the STOIIP using pore volume multipliers, the number of additional static 
realsisations were created by expanding the structure. Three different static realisations were used in this history matching 
process: 
 
• Base model 
• Expansion of the toe region 
• Combined expansion of the western and the eastern flank 
 
Expansion of the east and west flanks was tested individually first but a better match was found when both flanks were 
expanded thus giving more volume to the structure. 
 
 
(a)    (b)      (c) 
Figure D- 1:Expansion of the base model structure 
 
 
Table D- 1:STOIIP Value for Production Data Only 
Structure Value Unit 
    Original 
P90 43.1 MMstb 
P50 46.0 MMstb 
P10 47.5 MMstb 
       Toe 
P90 44.8 MMstb 
P50 47.2 MMstb 
P10 48.0 MMstb 
   East-West 
P90 46.2 MMstb 
P50 48.8 MMstb 
P10 50.0 MMstb 
 
 
 
Figure D- 2: Improved history match using expansion of the east-west structure with increased volume 
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Appendix E: Ranking Process 
To establish the quality of the Oil-In-Place maps against the 4D Seismic Difference Maps, a ranking process was performed 
which involved: 
 
1. Select a series of matching points on the 4D Seismic Difference Maps in areas of high / low water saturation 
2. Place matching points on the OIP map 
3. Rank the match from 1(poor) to 5 (good) for each location 
4. Tabulate the results. 
  
(a) (b) 
Figure E- 1: The location of the matching points on (a) the 4D Seismic Difference Map and (b) the OIP map 
 
Table E- 1: Ranking process example 
Production N E SW W Toe NW Score 
Lowest 3 2 3 3 2 3 16 / 30 
P10 3 4 3 3 3 3 19 / 30 
P50 3 4 3 4 4 3 21 / 30 
P90 2 4 3 5 4 4 23 / 30 
High 2 4 3 4 4 3 20 / 30 
 
2002 
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Table E- 2: Original Structure: Maps from History Matching Using Production Data Only 
 
 Original Structure - 1997 Original Structure - 2002 
Min 
  
P90 
  
P50 
  
P10 
  
Max 
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Table E- 3: Toe and East West Structure: Maps from History Matching Using Production Data Only 
 
 East West 2002  Toe Structure 2002 
Min 
  
P90 
  
P50 
 
 
P10 
  
Max 
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Table E- 4: Original Structure: Maps from History Matching Using 4D Seismic 
 
 Original Structure 1997  Original Structure 2002 
Min 
  
P90 
  
P50 
  
P10 
  
Max 
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Table E- 5:East-West and Toe Stucture: Maps from History Matching Using 4D Seismic 
 
 East West 2002  Toe Structure 2002 
Min 
  
P90 
  
P50 
  
P10 
  
Max 
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Appendix F: Rock Physics Modelling 
The synthetic seismic was generated using a commercial rock physics modelling tool. The petro-physical modelling and fluid 
substitution was performed for the vertical 15/24b-6 well and was performed by an in-house geophysicist.  
 
The synthetic seismic was generated for five different cross sections through the eastern section (See Figure F- 1). Petro-elastic 
models and thus synthetics and separate stacks were built for the following cases: 
• Oil case (In –situ) 
• Full saturated water case 
• OWC rises above contact by: 
o 13ft 
o 26ft 
o 39ft 
o 52 ft 
o 65ft 
o 78ft 
o 91ft 
o 104 ft 
The synthetic seismic was compared for each incremental rise above the contact with the actual movement of the OWC seen in 
the seismic. An example of the movement and the matching process is presented in Figure F- 4. A comparison of the fully wet 
and fully oil synthetic stacks are presented in Figure F- 2. An example of the difference seismic is presented in Figure F-3. .  
  
(a) (b) 
 
Figure F- 1: Location of the cross-sections on (a) the rock physics model and (b) the simulation model 
34 
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Figure F- 2: Synthetic Stacks for a fully oil wet case 
 
 
   
(a) (b) (c) 
Figure F- 3: Difference seismic at line EW1 
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13ft rise of OWC 
  
26ft rise of OWC 
  
39ft rise of OWC 
Actual Synthetic 
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53ft rise of OWC 
  
65 ft rise of OWC 
  
78ft rise of OWC (Best Match) 
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91ft rise of OWC 
  
104ft rise of OWC 
(a) (b) 
Figure F- 4: (a) Actual seismic difference and (b) sythethic difference (Emsley, 2014) 
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Appendix G: Saturation History Matching 
The model was forced to reach the desired saturations by history matching to the saturations. The matching parameters used to 
force the model to the desired saturations is shown in Table G- 1 with an example of the matching performed in Figure G- 1. 
 
Table G- 1: Assisted History Matching Saturation Data Input 
Well Date Depth Oil_satn Water_satn Data Source 
Name Date ft Fraction Fraction  
North 01/08/1997 6226 0.79143 0.20857 Model 
North 01/05/2002 6226 0.35 0.65 4D Map 
North 01/05/2002 6180 0.1 0.9 Synthetic 
West 01/08/1997 6190 0.8749 0.1251 Model 
West 01/05/2002 6190 0.7 0.3 4D Map 
West 01/05/2002 6240 0.1 0.9 Synthetic 
East 01/08/1997 6185 0.9224 0.11458 Model 
East 01/05/2002 6185 0.2 0.8 4D Map 
East 01/05/2002 6240 0.1 0.9 Synthetic 
South West 01/08/1997 6195 0.89911 0.10089 Model 
South West 01/05/2002 6195 0.2 0.8 4D Map 
South West 01/05/2002 6270 0.1 0.9 Synthetic 
 
 
  
(a)  (b)  
Figure G- 1: (a) Location of the North Dummy Well and (b) example of saturation matching using North Dummy 
Well 
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Appendix H: Well E3 Results 
Figure H-1 presents the Cumulative Production results of the E3 well. History matching using 4D seismic reduced the range of 
uncertainty in the forecast of the E3 well, however the difference in production results is not considerable enough to alter 
reservoir management decisions. Table H-1 presents the tabulated results while Figure H-2 shows the incremental production 
of E3.  
 
 
Figure H- 1: Cumulative Distribution of the E3 Cumulative Recovery 
 
Table H- 1: EUR of the E3 Well 
Structure Production Data Only 4D Data Units 
Min 0.9 1.2 MMSTB 
P90 0.9 1.2 MMSTB 
P50 1.3 1.3 MMSTB 
P10 1.6 1.7 MMSTB 
Max 2.3 1.8 MMSTB 
 
 
Figure H- 2: Cumulative Oil Production for E1 and E3 
  
E3 
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Production 
E1 
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Appendix I: Grid Properties 
 
Table I- 1: Grid Properties 
Avg	  Cell	  Size	  (m)	  	   Reservoir	  Thickness	  (m)	   No.	  of	  Cells	  
Total	  No.	  of	  Grid	  Cells	  
X	   Y	   Z	   Max	   NX	   NY	   NZ	  
50	   50	   4.82	   260	   89	   54	   154	   74,0124	  
 
 
 
